Nitrate tolerance is known as a major clinical disadvantage of organic nitrates (e.g., nitroglycerin) which develops after continued use of organic nitrates and is regarded as one of the most serious problems to be resolved. The underlying mechanism for the development of nitrate tolerance has not been fully clarified but sulfhydryl depletion has been considered to play a major role in nitrate tolerance.
RS-7897 is a novel antianginal nitrate containing an L-2-oxothiazolidine-4-carboxylic acid (OTCA) and unlike other organic nitrates does not induce nitrate tolerance. OTCA is known to be converted to L-cysteine (LCys) by rat 5-oxo-prolinase (5-OPase) and was detected in the plasma of RS-7897-treated dogs. Nitrate tolerance is considered to develop mainly through sulfhydryl depletion. We hypothesized that RS-7897-derived OTCA was converted into L-Cys by 5-OPase and supplied sulfhydryl groups in vascular smooth muscle cells, the targets of the nitrate. As the initial step for clarifying the presumed role of 5-OPase in RS-7897 metabolism, we established a non-radiochemical assay method highly specific for 5-OPase. Using this assay method, we purified 5-OPase from bovine kidney cytosol until homogeneous results were obtained in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The catalytic activity of bovine 5-OPase to convert OTCA to L-Cys was confirmed, as was the case for the rat enzyme. Then the cDNA encoding bovine 5-OPase was cloned. The deduced amino acid sequence revealed that bovine 5-OPase was highly homologous to rat 5-OPase. Based on the bovine cDNA sequence, oligonucleotide primers were synthesized and used for RT-PCR. 5-OPase mRNA was significantly detected in the RT-PCR product of the bovine coronary artery, a major target organ of RS-7897. These results suggest that OTCA may be converted to L-Cys by 5-OPase in the mammalian coronary artery when treated with RS-7897, and thus generated L-Cys may reduce sulfhydryl depletion and contribute to the prevention of the development of nitrate tolerance.
Key words 5-oxo-L-prolinase; L-2-oxothiazolidine-4-carboxylic acid; organic nitrate; nitrate tolerance; sulfhydryl depletion; coronary artery encoding bovine 5-OPase. In addition, bovine coronary artery, a target organ of RS-7897, was analyzed for 5-OPase mRNA by RT-PCR using primers that were designed based on the nucleotide sequence of the bovine 5-OPase cDNA.
MATERIALS AND METHODS

Materials
Fresh bovine kidneys were purchased from a slaughterhouse. DEAE cellulose, referenced as DE52, was purchased from Whatman Japan K.K. Blue Sepharose CL-6B, Sephacryl S-300, and Phenyl Sepharose were purchased from Pharmacia Biotech. Polyethylene glycol 20000 was purchased from Wako Pure Chemical Industries Ltd. The L-Glu Assay Kit was purchased from Seikagaku Corporation. A bovine kidney-derived MDBK cell l gt11 cDNA library was purchased from CLONTECH Japan Ltd. Bovine kidney poly(A)ϩRNA and restriction endonucleases were purchased from Toyobo Co., Ltd. The 3ЈRACE System and TRIZOL were purchased from Gibco BRL.
Determination of Enzyme Activity The assay method for 5-OPase was based on that of Meister et al. 8) A reaction mixture for the enzyme reaction consisting of 200 mM sodium HEPES buffer (pH 8.0), 4 mM 5-oxo-L-proline, 10 mM ATP, 8 mM MgCl 2 , 4 mM phosphoenol pyruvate, 150 mM potassium chloride, 4 mM dithiothreitol (DTT), and 20 units/ml of pyruvate kinase was prepared. A 50-ml aliquot of 5-OPase preparation was added to 50 ml of the reaction mixture and this was incubated at 37°C for 30 min. After the incubation, a 15-ml aliquot of 30 mM H 2 O 2 was added, and the reaction mixture was evaporated to dryness in a boiling water bath or a heating block at 100°C under a nitrogen gas stream for approximately 30 min. After evaporation in a boiling water bath, drops of water remaining on the inner wall of the test tube were wiped out with a paper towel (Kimwipe). Next, a 100-ml aliquot of the reagent included in the L-Glu Assay Kit was added, and this was vigorously mixed using a vortex mixer (with a stainless microspatula to break up any insoluble or less soluble materials in the test tube and obtain a homogeneous suspension). After 20-min incubation at room temperature, the mixture was centrifuged and the supernatant was recovered. The absorbance of the supernatant at a wavelength of 600 nm was determined using a Beckman DU7000 spectrophotometer. The amount of L-glutamate formed was calculated according to a calibration curve made using standard L-glutamate.
Purification of Enzyme from Bovine Kidney The enzyme was purified essentially according to the known method for isolating rat 5-OPase, which was reported by Williamson and Meister, 10) but with some modifications. All the following steps were carried out at between 0 and 4°C. The protein concentration was determined according to Bradford's method. 11) Buffer A consisting of 50 mM Tris-HCl (pH 7.3 at room temperature), 0.1 mM sodium EDTA, 2 mM DTT, and 5 mM 5-oxo-L-proline was prepared before use. Two fresh bovine kidneys were cooled on ice immediately after they were excised. Fatty tissues and the outer membrane were removed to the extent possible. Then the kidneys were minced with a meat grinder and homogenized using a Polytron homogenizer (Kinematica) in approximately 1.5 l of buffer A. The volume of the homogenate was adjusted to 2.6 l by adding more buffer A, and the resulting mixture was centrifuged at 10000ϫg for 20 min. The supernatant was filtered through two layers of gauze to remove the fatty layer. The filtrate was further centrifuged at 105000ϫg for 60 min. To the supernatant, 243 g/l of solid ammonium sulfate was added slowly with stirring over a period of 15 min, resulting in a 40% saturated solution of ammonium sulfate. Then the solution was further stirred for about 15 min, and the insoluble fraction was collected by centrifugation at 10000ϫg for 20 min. The precipitate was reconstituted with buffer A and dialyzed with 3 l of buffer A for 3 h followed by 3 l of buffer A overnight. The dialyzed fraction was applied to a column (f3.8ϫlength 40 cm) packed with DEAE-cellulose (DE52) previously equilibrated with buffer A. The column was washed with about 800 ml of buffer A and then eluted with a linear gradient of 0 to 0.3 M NaCl in 2.4 l of buffer A. The fractions showing activity were combined (about 70 ml) and placed in a tube for dialysis. Then the tube was buried in a beaker of polyethylene glycol 20000 powder, and the solution remaining in the tube was recovered (about 8 ml). This concentrated solution was applied to a column (f2.5ϫlength 94 cm) packed with Sephacryl S-300 previously equilibrated with buffer A and eluted with the same buffer. Eluates of 5 ml were collected. The fractions showing activity were combined and applied to a column (f1.5ϫlength 7 cm) packed with Blue Sepharose CL-6B. The flow-through fractions were combined, and buffer A containing 1 M of ammonium sulfate was added to make a final concentration of 0. 8) whereby DL- [1- 14 C]-pyroglutamic acid (identical to 5-oxo-Lproline; 55 mCi/mmol; American Radiolabeled Chemicals Inc.) was used as a substrate. The radiolabeled 5-oxo-L-proline was fractionated with a Dowex-50 (Hϩ) column, and the flow-through fractions were collected. Then the radioactivity in each eluted fraction was counted with a liquid scintillation counter.
Spectrophotometric Detection of Inorganic Phosphate Generated by ATP Hydrolysis When Coupled with 5-Oxo-L-proline Hydrolysis Inorganic phosphate generated by ATP hydrolysis when coupled with the hydrolysis of 5-oxo-L-proline was detected according to Fiske and SubbaRow's method. Amino Acid Sequence of the Amino-Terminal Region in Purified Bovine 5-OPase The purified bovine 5-OPase was subjected to 7.5% SDS-PAGE. The gel was blotted onto a polyvinylidine difluoride membrane. The membrane was stained with Coomassie brilliant blue. Then the protein band corresponding to 5-OPase (approximately 150 kDa) was cut out and the amino acid sequence was determined with a protein sequencer (Applied Biosynthesis).
Isolation of cDNA Clones Encoding Bovine 5-OPase To isolate the full-length cDNA encoding bovine 5-OPase, we first obtained the 5Ј and 3Ј region probes. To amplify the 5Ј region probe, a pair of primers was designed and synthesized based on the predetermined amino terminal sequence of the bovine 5-OPase and the known rat 5-OPase sequence, 12) PEGRFHFA and KERLDFSC, respectively. Similarly, in order to amplify the 3Ј region probe, a pair of primers was designed and synthesized based on two parts of the known rat 5-OPase sequence, AAVVGGNV and TPGGGGYGDP, respectively. Then the 5Ј and 3Ј region probes were amplified by PCR using the bovine kidney-derived MDBK cell cDNA library as a template and labeled with DIG. Thus the labeled 5Ј and 3Ј region probes were used to screen the MDBK cell l gt11 cDNA library by plaque hybridization and the cDNA clones encoding 5-OPase were isolated. Next, we amplified a gap region cDNA clone by RT-PCR with bovine kidney poly(A)ϩRNA as a template. Then a 3Ј-end cDNA clone was amplified using the 3ЈRACE system with bovine kidney poly(A)ϩRNA as a template. The nucleotide sequence of the cDNA clones was determined using the dideoxy chain termination method.
Detection of Bovine 5-OPase mRNA by RT-PCR The bovine coronary arteries were excised from fresh bovine heart and homogenized using a Polytron homogenizer (Kinematica). Total RNA was fractionated using TRIZOL reagent and poly(A)ϩRNA was isolated using Oligotex-dT30 (Daiichi Pure Chemicals). Single-stranded cDNA was synthesized by reverse transcription [TaKaRa RNA PCR Kit (AMV) Ver2.1]. Oligo-dT and 0.5 or 5 ng of bovine kidney or coronary artery poly(A)ϩRNA were used as a primer and a template, respectively. A fragment of the obtained cDNA was amplified by PCR with primer no. 1 (5Ј-CAGCAT-GCTTGTGCCATTGC-3Ј) and no. 2 (5Ј-AGGTTGTCGT-GCAGGTTCCGTGT-3Ј) using TaKaRa Ex Taq and dNTP (2 mM). The PCR cycle consisted of 30-s denaturation at 95°C, 30-s annealing at 60°C, and 2-min extension at 72°C for 40 cycles. The PCR products were subjected to 1% agarose gel electrophoresis. The resulting gel was stained with ethydium bromide and the bands were detected under UV light.
In Silico Cloning of the cDNA Encoding a Human 5-OPase Homologue GenBank, the database containing both human cDNAs and human genomic DNA fragments, was searched with the Basic Local Alignment Search Tool (BLAST). By analyzing and comparing the sequence of a human cDNA and a human genomic DNA fragment with that of bovine 5-OPase cDNA by means of PairWise BLAST at the National Center for Biotechnology Inform, the nucleotide sequence of the full-length cDNA encoding a human 5-OPase homologue was determined in silico.
RESULTS
Determination of Enzyme Activity
When the 5-OPase reaction was completed, DTT contained in the reaction mixture to stabilize 5-OPase was decomposed by adding H 2 O 2 in slight excess. Then any remaining H 2 O 2 in the 5-OPase reaction product was evaporated to dryness. Thereafter the 5-OPase reaction product was made to react with glutamate oxidase, which was contained in the reagent of the L-Glu Assay Kit, and L-glutamate was oxidized to generate H 2 O 2 . The amount of H 2 O 2 generated was accurately determined spectrophotometrically.
Purification of Enzyme The method of purification was essentially the same as that used for the purification of rat kidney enzyme by Williamson and Meister except that a Blue Sepharose column was used for chromatography. 10) In the Sephacryl S-300 gel filtration chromatogram, 5-OPase was eluted with a slight shoulder peak and occasionally with a smaller secondary peak, on the right side (lower molecular weight-side) of the main peak. Only the highly active fractions corresponding to the main peak were employed in the subsequent purification step. In Blue Sepharose column chromatography, 5-OPase was eluted in the flow-through fraction. In Phenyl Sepharose column chromatography, 5-OPase was eluted near the end of the gradient elution. The results of the purification are summarized in Table 1 . The specific activity of the purified preparation was 38 units/mg protein, which was 3200-fold higher than that for the cytosol fraction. Figure 2 shows a typical SDS-PAGE profile of the enzyme preparation after Phenyl Sepharose column chromatography, where a single band was clearly observed at a molecular weight of 150 k for the purified fraction (lane 1).
Measurement of L-Glutamate Generation from 5-Oxo-L-proline by 5-OPase Using the Novel Method and Meister's Method
When the Sephacryl S-300 fraction was used as the 5-OPase preparation, the L-glutamate-generating rate of the enzyme measured using the novel method corresponded well with that measured using Meister's method, 8) in the range from 0.02 to 0.45 nmol/h (Fig. 3) .
Detection of [ 14 C]-L-Cys Generated from [4-
14 C]-OTCA by 5-OPase When the Sephacryl S-300 fraction was used as the 5-OPase preparation, 14 C was detected at the Rf value corresponding to L-Cys in the presence of the enzyme (right column of Fig. 4 , ϩ S-300 fraction), whereas it was not detected in the absence of the enzyme (middle column of Fig.  4 , Ϫ S-300 fraction).
Amino Acid Sequence of the Amino-Terminal Peptide Derived from Purified Bovine 5-OPase
The amino acid sequence of the amino-terminal oligopeptide derived from the purified bovine 5-OPase was determined to be GPE-GRFHFAIDR, which was identical to that of the rat enzyme except for one residue.
12)
Cloning of the cDNAs Encoding Bovine 5-OPase The 5Ј and 3Ј region probes were amplified by PCR for use in the screening of the bovine kidney-derived MDBK cell l gt11 cDNA library by plaque hybridization. The nucleotide sequences of the 5Ј and 3Ј region probes thus obained were shown to be highly homologous to the 5Ј and 3Ј regions of the known rat sequence, respectively, which suggested that each of the probes encoded a part of the bovine 5-OPase. Then plaque hybridization was carried out using each of these probes and one positive clone each was isolated. One clone, which was isolated using the 5Ј region probe, was about 1000 bp in length and included an initiation codon. The other, which was isolated using the 3Ј region probe, was about 400 bp in length but a stop codon was not included. As the two cDNA clones did not overlap with each other, we carried out RT-PCR with bovine kidney poly(A)ϩRNA and isolated a cDNA clone, in which the gap region between the clones was included, of 2.5 kbp in length. On the other hand, a 3Ј-end cDNA clone was obtained using the 3ЈRACE system. After analyzing these four overlapping cDNA clones, which were highly homologous to rat 5-OPase cDNA, an open-reading frame consisting of 3864 bp was obtained. The nucleotide sequence of bovine 5-OPase cDNA was registered with the DDBJ with the accession number AB121737. The deduced amino acid sequence is shown in Fig. 5 .
Detection of 5-OPase Expression in the Coronary Artery
To detect the expression of 5-OPase in the coronary artery, we performed RT-PCR analysis. Poly(A)ϩRNA (0.5 or 5 ng) isolated from bovine kidney or coronary artery was used as the template for the RT reaction and the cDNA thus obtained was used as the template for PCR with primer no. 1 and no. 2. The amplified cDNA fragment from each template Using various amounts of the Sephacryl S-300 fraction as the enzyme preparation, Lglutamate generation from 5-oxo-L-proline (pyroglutamate) was measured using the novel method or Meister's radiochemical method as described in Materials and Methods. Then the L-glutamate-generating rate (nmol/h) was calculated and plotted as identical solid circles when the same amount of enzyme preparation was used for both methods. A linear curve passing through the data points was obtained using leastsquares regression. was analyzed with agarose gel electrophoresis and shown to have a size of 1.2 kbp, which was the same size as that predicted from its nucleotide sequence (Fig. 6, lanes 1, 3 , amplified from 0.5 ng poly(A)ϩRNA; lanes 2, 4, amplified from 5 ng poly(A)ϩRNA). The amount of the amplified fragment from the coronary artery poly(A)ϩRNA (Fig. 6, lanes 3, 4) was slightly less than that from kidney poly(A)ϩRNA (Fig.  6, lanes 1, 2) . In Silico Cloning of cDNA Encoding a Human 5-OPase Homologue We found a 3235-bp long human cDNA with GenBank accession number BC036944 encoding a partial protein sequence using the nucleotide sequence of the bovine 5-OPase cDNA as a search query. The human cDNA shared slightly less than 90% sequence identity with bovine 5-OPase. The deduced amino acid sequence was more than 90% identical to that of bovine 5-OPase but lacked the amino-terminal region. We also found a 215342-bp long human genomic DNA fragment with GenBank accession number AC109322 using the nucleotide sequence of the human EST, BC036944, as a search query. Parts of AC109322 shared 100% sequence identity with BC036944. AC109322 was compared with the nucleotide sequence of bovine 5-OPase cDNA and found to contain regions that shared slightly less than 90% sequence identity with the 5Ј-region of bovine 5-OPase cDNA. Finally, an open-reading frame, which encoded a polypeptide consisting of 1288 amino acids, was determined in silico. The full-length nucleotide sequence of the human 5-OPase homologue cDNA was registered with the DDBJ with the accession number AB122018, and the deduced amino acid sequence is shown in Fig. 5 . The human genomic gene encoding the 5-OPase homologue was located on chromosome 8 and seemed to consist of at least 26 exons (the positions of introns are indicated with vertical arrows in Fig. 5 ). The start codon ATG and stop codon TGA of the coding region were found at nucleotides 31128 and 39837 of AC109332, respectively.
Analysis of Amino Acid Sequences of Mammalian 5-OPases Bovine 5-OPase (DDBJ accession number AB121737) shared 93% and 92% sequence identity with the rat enzyme (GenBank accession number NP_446356) and a mouse homologue (GenBank accession number NP_694762), respectively. 12, 13) Bovine enzyme also shared 93% sequence identity with the human 5-OPase homologue (DDBJ accession number AB122018) cloned in silico, and high sequence identity with a partial sequence of the porcine enzyme. 14) At least 92% identity was shared among all of the mammalian (bovine, human, rat, and mouse) sequences, while the highest sequence identity, 97%, was shared between the rat 5-OPase and the mouse homologue.
DISCUSSION
In this study, we purified bovine 5-OPase to clarify the role of this enzyme in RS-7897 metabolism. For enzyme purification, a simple assay method for 5-OPase was essential. Since the known assay methods for 5-OPase had evident disadvantages and are somewhat impractical as described above, we established a novel one. newly generated from L-glutamate could be accurately detected. The amount of L-glutamate measured using the novel method corresponded well with that using Meister's radiochemical method. Using the novel method, we purified bovine 5-OPase and determined its N-terminal sequence, which was nearly identical to that of rat 5-OPase. Furthermore, in DE52 column chromatography of a canine kidney cytosol fraction, the 5-OPase was eluted as a single peak when detected with the novel method, while multiple peaks appeared when detected with Fiske and SubbaRow's method (data not shown), indicating that the novel method is much more specific for 5-OPase than Fiske and SubbaRow's method. These findings demonstrate that our novel non-radiochemical method is suitable for detecting 5-OPase activity and has an advantage over the known methods.
The specific activity of the purified 5-OPase from the bovine kidney cytosol fraction was 38 units/mg protein, which was as high as that of the isolated rat enzyme reported by Williamson and Meister 10) and much higher than the 2.2 units/mg of the isolated porcine 5-OPase reported by Jäger et al. 14) The apparent molecular weight of the bovine 5-OPase determined by SDS-PAGE was 150 kDa, which was comparable to that obtained for the rat enzyme (160 kDa) and the porcine enzyme (135 kDa). 10, 14) Bovine 5-OPase converted OTCA into L-Cys, as was the case for the rat enzyme.
7) The deduced amino acid sequences of bovine 5-OPase and the human homologue were highly homologous to those of the rat enzyme and mouse homologue. These findings are in accordance with the notion that mammalian 5-OPases, including those from humans, exhibit common enzymatic activities and can convert OTCA into LCys.
We isolated a large amount of coronary artery tissue from the bovine heart and prepared a sufficient amount of poly(A)ϩRNA to perform RT-PCR. The expression of 5-OPase mRNA was successfully detected in the bovine coronary artery. The signal detected in the bovine coronary artery was comparable to, although slightly weaker than, that in the kidney (Fig. 6 ) from which 5-OPase was purified in this study. Based on the fact that, in the rat kidney, 5-OPase was purified and the 5-OPase mRNA was strongly detected, 8, 12) it can be considered that the mRNA signal in the bovine coronary artery was fairly strong. Furthermore, the mRNA corresponding to BC036944, the human cDNA encoding part of the human 5-OPase homologue, was detected in normal human vascular cells (22202_S_at; GeneExpressR Software System ver. 1.4.1.0, Gene Logic Inc., data not shown). These results suggest that 5-OPase is significantly expressed and can convert RS-7897-derived OTCA to L-Cys in the mammalian target cells or organs of RS-7897. It is also suggested that the resulting L-Cys may reduce sulfhydryl depletion and contribute to the prevention of the development of nitrate tolerance after RS-7897 treatment.
